Primary Ciliary Dyskinesia is a genetically heterogeneous inherited disorder arising from dysmotility of motile cilia and sperm. This is associated with a variety of ultrastructural defects of the cilia/sperm axoneme which affect their movement, leading to clinical consequences on respiratory tract mucociliary clearance and lung function, fertility, and left-right body axis determination. We performed whole genome SNP- 
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Introduction
Primary Ciliary Dyskinesia (PCD; MIM 242650) refers to a heterogeneous group of genetic ciliopathies characterised by ultrastructural defects in the axonemal structure of '9+2' motile cilia and sperm flagella 1 . The incidence is estimated at 1:15-30,000 2 , with higher incidence in certain consanguineous and isolated populations 3; 4 . Clinical features reflect the distribution of dysmotile cilia in the body and include neonatal respiratory distress, chronic respiratory infections, sinusitis and bronchiectasis, due to deficient cilia function in the upper and lower airways. Male and female subfertility occurs due to defective sperm flagella and oviduct cilia, respectively. There is occasional hydrocephalus due to deficient ependymal cilia 5; 6 . In most families there is apparent randomisation of left-right axis development with about half of patients manifesting as situs inversus or more severe laterality defects such as cardiovascular abnormalities, proposed to result from defective function of embryonic nodal cilia 7; 8 .
PCD is usually recessively inherited and five PCD genes have been identified: DNAI1
(MIM 604366), DNAH5 (MIM 603335), DNAH11 (MIM 603339), DNAI2 (MIM 605483) 9 and TXNDC3 (MIM 607421) (reviewed in 10 ). These all encode axonemal dyneins and are associated with reduction or loss of axonemal outer dynein arms, which are the multisubunit axonemal ATPase complexes that generate the force for cilia motility and govern beat frequency. DNAH5 and DNAI1 are a relatively more common cause of disease, underlying an estimated 28% (DNAH5
11
) and 2-10% (DNAI1 12; 13 ) of total cases. The other genes are so far only associated with single or rare PCD cases, and therefore the genetic basis of at least 60% of PCD cases is not yet known. Several additional PCD loci have been mapped, including on chromosome 19q13 14 , 16p12 3 , 15q13-q15 3 and 15q24-q25 15 , but these genes remain to be isolated (reviewed in 16 ).
The possibility of involvement of PCD genes in sensory and retinal cilia functions is suggested by reports of syndromic forms similar to PCD which have motile cilia dysfunction and additional features including retinitis pigmentosa 17 , polycystic kidney disease 18 and mental retardation 19 .
Patients with ultrastructural abnormalities affecting the central microtubular pair represent a well recognised sub-group in whom laterality defects have not been observed 20 . This is assumed to reflect the 9+0 ultrastructure of nodal cilia which may be unchanged by mutations affecting a structural element which they do not possess (in most species). Using two distinct family groups affected by PCD associated with central microtubular pair defects, we performed SNP-based whole genome linkage analysis to identify the disease-causing genes. The pedigrees are presented in Figure 1A . Family UCL146 from the United Arab Emirates (UAE) was previously reported, showing one patient with a collapsed lower left pulmonary lobe 20 . They originate from the Bedouin Bani Tameem tribe and the parents are first cousins. There is an unusual intermittent loss of the central pair in this family which has been confirmed by longitudinal section electron microscopy in all three affected children, such that cilia cross sections show a proportion with 9+0 structure.
Subjects and Methods

Families, clinical information and controls
Family UCL152 from Israel are also Bedouin, with multiple consanguineous unions within the extended pedigree. Transmission electron microscopy (TEM) performed on one affected showed a normal axoneme ultrastructure. Family UCL152 were included in the study despite an apparently normal ultrastructure because of respiratory symptoms consistent with a diagnosis of PCD as described above, and dysmotility of 7 the respiratory cilia as described below. Furthermore, dysmotile sperm in two males was also reported, and one female required IVF treatment due to sub fertility.
Family UCL105 is a non-consanguineous UK-Northern European family. Families UCL131, UCL132, UCL138 and UCL170 are all of Pakistani origin, now resident in the North of England. The parents in all except UCL132 are first cousins, any consanguinity in family UCL132 was not known to the family. TEM in affected children from all these five families show a classic ciliary transposition defect indicative of complete central pair loss, as described in 20 .
Where available, cilia motility studies on nasal biopsy samples collected from affected patients in all these seven families showed an abnormal circular movement but with a close to normal beat velocity, except for UCL152 which was recorded as having 'abnormal motility'. Visualising a circular pattern is dependent on viewing at the correct orientation, and this can account for some variability in recording. Figure   3) ; RSPH4A p.Gln154X, BsmAI; p.Pro87Ser, SacII; p.Gln109X, BspCNI) or sequencing (RSPH4A p.Arg490X) confirmed the inheritance pattern of all mutations in all extended kindreds.
In situ hybridization
The Rsp9 probe corresponded to nucleotide 317 in exon 2 to 837 in exon 5, amplified from mouse Riken cDNA clone 1700027N10 (RZPD German Resource Centre) using primers 5'-TGGTGAGTGGCCGTTTCAT-3' and 5'-CCATGTTCTTCTCTCCTGTGC-3', and the product was cloned into pCR4 by TOPO-TA cloning (Invitrogen). The mouse Dnah5 probe in pBluescript SKII + 30 was kindly provided by Prof. H. Omran, University
Hospital Freiburg. Sense and antisense digoxygenin-labelled riboprobes were prepared using a digoxigenin RNA labelling kit (Roche), and purified on Chroma spin-100 columns (BD, Bioscience), prior to in situ hybridization on whole mount embryos or 7μm paraffin wax sections. Random-bred CD1 mice served as a source of mouse embryos and fetuses. Litters were generated by timed matings and the day of finding a copulation plug was designated embryonic day 0.5 (E0.5). Embryos were collected at E7.5, E18.5 and E19.5. Whole mount in situ hybridization was performed as described previously 31 . In situ hybridization on sections was performed as described 32 and photographed using an MZFLIII, DC500 imaging system (Leica). Sense-strand controls yielded no specific hybridisation signal.
Zebrafish morpholino injections
Morpholinos were designed against the splice donor sites of zebrafish rsph9 exon 2 and data tested by one-way ANOVA with individual datasets compared using an unpaired Student's t-test with Bonferroni correction for repeated measures.
Zebrafish phenotype rescue
Full-length mouse Rsph9 mRNA was subcloned into pßUT3 vector and mRNA was transcribed using the mMessage machine kit (Ambion) and T3 polymerase, then titrated to determine the maximum effective injection dose. One cell stage embryos were co-injected with 150 pg mRNA and 6.25 ng of morpholino using methods described above, and olfactory cilia movement was assessed at 72 hpf as described above. The controls were wildtype and morpholino-only treated embryos. 
Chlamydomonas strains and maintenance
Identification of Chlamydomonas pf17 strain mutation
The precise genetic lesion in Chlamydomonas mutant strain pf17 had not previously been identified. The five coding exons, intron-exon boundaries and 5' and 3' UTRs of RSP9 were sequenced in genomic DNA isolated using a method adapted from {Goldschmidt-Clermont, 1990 #37} from wild-type Chlamydomonas and mutant pf17.
This revealed a single base pair deletion in exon 2 (c.131delG) present in pf17 but not wild type, predicting a premature stop codon after Ser45 in the 269 residue protein.
This change abolishes a BspEI restriction site and we confirmed the mutation causes the paralysed flagella phenotype and had not arisen since original isolation of pf17, by
BspEI restriction digest of a 1.1 kb exon 2 PCR product amplified using primers 5'-CGCAGCTCACTTATCTCTTCCT-3' and 5'-AGCACACGCCTCATCCAATAG-3', from genomic DNA isolated from wild-type, the original pf17 mutant strain CC-1035, and its four pf17 progeny strains CC-1332, CC-1143, CC-2645 and CC-262. The c.131delG mutation identified in mutant pf17 was present in the original pf17 and all progeny strains but not the wild-type control (data not shown).
Chlamydomonas RSP9 vectors
Vectors for transformation to create the pf17-T and pf17-Tmut strains were made as follows. The wild-type genomic RSP9 gene was amplified from genomic DNA using pFusion Taq (Invitrogen) and PCR primers P1 (5'-AGATTCCACACCTCACGGATAC- pBluescript-wildtype RSP9 was separately BmgBI-NotI double digested to eliminate the wild-type RSP9 insert, then these DNAs were ligated to create a pBluescript plasmid containing mutated RSP9.
Chlamydomonas transformation
Immotile pf17 (CC-1035) mutant Chlamydomonas were transformed with the wild-type or mutated RSP9 vectors, using a modified protocol from {Kindle, 1990 #22}. pf17 was first back-crossed with cell wall-less mutant cw15, for ease of transformation. Backcrossed pf17 (and cell wall-less cw15 control) cultures were then used. Cells were resuspended to 2x10 8 cells/ml, 300 µl was transferred to 5 ml tubes containing ~0. .
Results
We undertook genome-wide linkage analysis and subsequent positional candidate gene analysis in seven PCD families with central microtubular pair defects, five of which were consanguineous: two Bedouin, four UK-Pakistani and one UK-Northern European ( Figure 1A) . No patients displayed laterality defects. For those in whom ciliary movement was studied, the ciliary beat frequency was within the normal range.
However, the beat pattern was recorded as being circular rather than the normal forward and backward planar motion 33 in UCL152, between D6S291 and D6S452 (not shown). Higher resolution genotyping using known or in-house designed microsatellites defined a common 1.9 Mb critical region of IBD between markers D6S400 and rs3734693 on chromosome 6p21.1, with a peak multipoint LOD score of 6.7 across D6S1604-D6S451 ( Figure 1C ). Across this 1.9
Mb IBD region the two families shared alleles at only two microsatellite markers located either side of RSPH9, such that any linkage disequilibrium between the families is small (0.6 Mb maximum) (not shown). (p.Lys268del) (Figure 2A, B) . This residue is largely conserved across distant phyla (Supplementary Figure 2A) . Screening of population-matched controls revealed that this change was not carried on 126 Bedouin and Arabic control chromosomes.
However, screening of chromosomes from a collection of 160 unrelated control UAE males 21 showed that three individuals were heterozygous for this amino acid deletion, a result that was not regarded as surprising given the high incidence of consanguineous unions in the culturally isolated UAE population 38 . The overall frequency of this change in all the control chromosomes screened was 0.7%. These findings therefore suggest that RSPH9 mutations probably cause PCD.
The linked region in the five transposition defect families harboured the positional candidate gene RSPH4A, located also within the region spanned by the ancestral UKPakistani haplotype ( Figure 1D ). Four C to T transition sequence variants were identified (Figure 2A . The RSPH4A protein was identified as 31% and 30% identical, respectively, to two similar Chlamydomonas radial spoke proteins, RSP4 and RSP6
(Supplementary Figure 2B) .
Radial spokes are regularly spaced along cilia, sperm and flagella axonemes and have a multisubunit 'stalk' and 'head' which form a signal transduction scaffold between the central pair and dynein arms ( Figure 2C ). Available evidence suggests they regulate dynein-induced movement and govern cilia/flagella waveform. Central pair-radial spoke interactions determine bend direction and shape (waveform), while radial spoke-inner dynein arm interactions determine velocity [39] [40] [41] .
Further investigations of orthologs of RSPH9 were undertaken in three model organisms: the mouse, zebrafish (Danio rerio) and Chlamydomonas, to further determine the pathogenic potential of the in-frame Lys268del change. We determined the tissue distribution of Rsph9 gene expression in mouse. In situ hybridisation showed specific expression in nasal, lung, trachea and brain ventricle epithelium at E18. 5-19.5 and at the embryonic node at E7.5. This was a similar pattern to Dnah5 6, 30 , restricted to regions where motile cilia are located ( Figure 3 ).
We investigated rsph9 knockdown in zebrafish. Two different rsph9 splice site morpholinos directed against the exon 2 (MOex2) and exon 3 (MOex3) splice donor sites were used to disrupt gene expression (Supplementary Figure 4) . Both gave a dose-dependent phenotype of dysmotile olfactory pit cilia with a normal beat frequency but an ineffective circular beat pattern (66% cilia dysmotile) ( Figure 4A -C and
Supplementary movies S1-3). Statistical comparison between datasets indicated the immotility and dysmotility indexes for both sets of MO-injected embryos were significantly higher than observed for controls (p<0.001). Morphants had a more static fluid flow than wild-types and this allowed debris to accumulate in the pits ( Figure 4B and Supplementary movies S1-3). Their beat pattern resembled that of cilia in RSPH patients, confirming that ablating gene expression causes similar cilia dysmotility defects. This effect was rescued by coinjection of mouse Rsph9 mRNA, which restored the normal beat pattern ( Figure 4A , B).
Comparison at 24 and 48 hours post-fertilisation between 163 exon 2 and 163 exon 3 morphant zebrafish and 270 wild-type zebrafish showed that laterality was unaffected.
Three of the exon 3 morphants, none of the exon 2 morphants and one wild-type fish displayed situs inversus which was a non-significant difference. Situs inversus presents occasionally as a well recognised 'background' zebrafish phenotype (L.R and S.W.W., unpublished data).
The Chlamydomonas mutant strain pf17 has a mutation in RSP9, the ortholog of human RSPH9, resulting in immotile flagella. The entire radial spoke head complex is absent, and there is central pair displacement rather than loss 42 . We first determined that pf17 carries a single base pair deletion c.131delG in RSP9, predicting an early premature stop codon (p.Ser45AlafsX3). We then used the presumed Rsp9-null background of pf17 strain to investigate the effects of the human RSPH9 p.Lys268del 22 mutation. We stably transformed pf17 with the wildtype RSP9 gene to create strain pf17-T. pf17-T regained a normal beat velocity and pattern, indicating complete phenotype rescue ( Figure 4C and Supplementary movies 4-7). We then stably transformed pf17 with a mutated version of RSP9 carrying the equivalent of the 3 basepair p.Lys268del deletion to create strain pf17-Tmut. Statistical comparison between datasets indicated the FBF for pf17-Tmut was significantly reduced and the immotility index significantly increased compared to controls (p<0.001). Therefore pf17-Tmut showed only partial rescue, with a beat velocity at half the wild-type level and flagella either immotile (73% immotile) or displaying a slowed, disorganised beat ineffective for normal movement ( Figure 4C and Supplementary movies 4-7). Flagella-cilia movement differences preclude rigorous comparisons of beat pattern. Thus, recreation of the human RSPH9 mutation in Chlamydomonas provides direct evidence of its pathogenic effect on motility of cilia and flagella.
Discussion
We have identified mutations in two genes encoding radial spoke head proteins, RSPH9 and RSPH4A, in PCD families that have defects of the central microtubular pair. This is the first report of PCD genes that cause disease associated with cilia axoneme defects other than a loss or reduction of the outer dynein arms. Using model organisms we have also shown that Rsph9 is expressed in ciliated epithelia, and that gene knockdown and mimicking of the human RSPH9 p.Lys268del mutation recapitulates its detrimental effect on cilia motility.
Analysis of Chlamydomonas RSP9 mutant strains indicates that the human RSPH9
p.Lys268del mutation is likely to be hypomorphic since some flagella function is retained in these mutants, in contrast to those with a null allele. RSPH9 residue expected of a pathogenic recessive mutation. Additionally, the majority of control chromosomes were sampled from the highly consanguineous UAE population which one family carrying the mutation (UCL146) originates from. These observations support that the p.Lys268del mutation is disease-causing.
We expect that the three premature nonsense mutations we have identified in RSPH4A are more likely to be null alleles since they are predicted to result in premature protein truncation, but this requires further functional work for confirmation. These RSPH4A nonsense mutations predict a disruption of the 'radial spoke domain' (Supplementary Figure 2B) . No other functional domains could be identified by computer modelling in either of the two radial spoke head proteins, although RSPH4A is noted a proline-rich 44 , thereby preventing significant genotype-phenotype predictions.
Determination of ultrastructural changes in the axoneme is limited by methodological constraints. In particular, observations reflect a sampling of total tissue such that local changes in ciliary structure may be missed. The structural changes observed appear to vary between species, organelle type, protein involved and specific mutation. 
